Hepatocyte nuclear factor 4 (HNF-4) is a key member of the transcription factor network regulating hepatocyte differentiation and function. Activation of the HNF-4 gene involves physical interaction between a distant enhancer and the proximal promoter region, bound by distinct sets of transcription factors. Here we report that, upon mitogen-activated protein (MAP) kinase activation, HNF-4 expression is downregulated in human hepatoma cells. This effect is mediated by the loss of CEBP␣ expression. During MAP kinase signaling, the recruitment of HNF-3␤ and HNF-1␣ to the HNF-4 enhancer and RNA polymerase II to the proximal HNF-4 promoter was compromised. CBP, Brg1, and TFIIB were also dissociated from the HNF-4 regulatory regions, and the enhancer-promoter complex was disrupted. Interestingly, the extent of nucleosome acetylation did not decrease at either regulatory region, and HNF-6 and HNF-1␣, as well as components of the TFIID, remained associated with the proximal promoter during the repressed state. The results point to an absolute requirement of enhancer-promoter communication for maintaining the active state of the HNF-4 gene and provide evidence for a molecular bookmarking mechanism, which may contribute to the prevention of permanent silencing of the locus during the repressed state.
Cellular differentiation proceeds through the establishment of a complex pattern of gene expression, which is characteristic of each individual cell type. The specificity of expression of a given array of genes in a particular cell type is mainly controlled by the limited availability of transcription factors and the structure of chromatin at the regulatory regions of their targets. Previous studies have suggested that a small number of transcription factors, including members of the hepatocyte nuclear factor 1 (HNF-1), HNF-3 (FoxA), HNF-4, HNF-6, and C/EBP family, play pivotal roles in both the establishment and maintenance of the hepatic phenotype (2, 4) . These transcription factors are part of a complex regulatory network, which is responsible for the activation of most genes expressed specifically in the liver (2, 4, 24) . The hepatic factors also regulate the expression of each other,via autoregulatory and crossregulatory loops, thus securing balanced and high levels of their own expression in hepatocytes (4, 9, 20, 24, 30, 43) .
HNF-4 is a principal member of the hepatic transcription factor network. Mouse embryos lacking HNF-4 die before completing gastrulation due to its crucial role in extraembryonic, visceral endoderm function (3) . Studies in mice where the early lethal phenotype is circumvented, either by complementation with tetraploid embryo-derived visceral endoderm or by inactivating HNF-4 specifically at the hepatoblast stage, have revealed that HNF-4 is dispensable for hepatocyte specification but is essential for subsequent steps of differentiation and the development of normal liver architecture during morphogenesis (8, 22, 25) . The pivotal role of HNF-4 in the maintenance of the differentiated hepatic phenotype is highlighted by the severe metabolic defects in mice where HNF-4 was inactivated in the adult liver (12) and by the exceptionally high number of potential direct target genes revealed by genomescale target search studies (24) . In the adult human liver, HNF-4␣ was found to occupy ca. 12% of the genes represented in a 13K DNA microarray and ca. 42% of those bound by RNA polymerase II (pol-II) (24) . These studies established HNF-4 as a regulator of several biological pathways, which raises the importance of understanding how its activity and expression are regulated. Previous analyses have revealed that HNF-4 activity is subject to regulation by phosphorylation (13, 19, 39) , acetylation (33) , and protein-protein interactions with other factors or by coregulators (6, 31, 33) . Further complexity in the control of HNF-4-dependent genes arises from the existence of several HNF-4 isoforms generated by alternative splicing (7, 18) . The mechanism involved in the transcriptional regulation of the HNF-4 gene has also been studied in great detail. Two main regulatory regions have been identified: the proximal promoter and a distant enhancer located around 6.5 kb upstream of the transcription start site (1, 10, 11) . It has been shown that activation of the HNF-4 gene requires the synergistic action of HNF-1␣ and HNF-6 on the proximal promoter, which communicates via a looping mechanism with a distant enhancer bound by HNF-1␣, HNF-3␤ (FoxA2), and C/EBP␣ (10, 11) . Although the main steps of the dynamic mechanism involved in the initial activation of the HNF-4 gene have been comprehended in great detail, it is not clear whether the enhancer-promoter complex is necessary for the maintenance of transcription after the gene has been activated. Furthermore, given the high number of HNF-4 targets playing roles in di-verse biological pathways, the question of whether HNF-4 expression can be modulated in response to different environmental signals is of considerable interest.
Here we have investigated the potential role of mitogenactivated protein (MAP) kinase regulation on HNF-4 expression, a signaling pathway involved in the control of fundamental cellular processes, including cell growth and survival, differentiation, and metabolism (15, 26) . We demonstrate that Erk2 activation downregulates HNF-4 expression in human hepatoma cells at the transcriptional level via a mechanism that involves loss of C/EBP␣ expression and concomitant disruption of the HNF-4 enhancerpromoter complex.
MATERIALS AND METHODS
Plasmid constructs. Luciferase reporter constructs containing the upstream 12-kb region of the human HNF-4␣ gene and its 5Ј deletion derivatives have been described (10) . The plasmid Enhancer-Luc was constructed by inserting a PCR-amplified DNA fragment containing the Ϫ6.1-to Ϫ6.7-kb region of the human HNF-4␣ upstream region into the BglII site of pGl-luc plasmid containing the region of the human HNF-4␣ gene from nucleotides (nt) Ϫ40 to ϩ67. pCMV-C/EBP␣, pCMV-HNF-1␣, and pCMV-HNF-3␤ have been described elsewhere (10, 35) . pCMV-MEK1 was from Stratagene, and pCMV-Raf-BXB was obtained from G. Mavrothalassitis.
Site-directed mutagenesis of the footprinted regions of the human HNF-4 enhancer was performed by the GeneEditor kit (Promega) according to the manufacturer's instructions. The following oligonucleotides were used for mutagenesis: HNF-3 site mutant, 5Ј-CTC TCT TTG GTA AGG ATC CGG ATT  TGC TCA GGA CCC AGC; DR-1 site mutant, 5Ј-GGG GGA ACA AGC AGA  CTA TGT CGA CTT GAG CAA AGC CTC; C/EBP site mutant, 5Ј-GGC CAG  CGG CCT GGA TCC TAA CCC TGG AGG CC; and HNF-1 site mutant:  5Ј-CTC ATG CCC AGT CTA GAT TGG AAG GCA AAA TCA ACA GGC. Cell culture RT-PCR, transfections, and Western blot assays. HepG2 and HuH7 cells were grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. The cells were seeded in 60-mm culture plates and treated with 1 g of phorbol myristate acetate (PMA) (Calbiochem)/ml or 20 M PD98059 (Biomol) for different time intervals. Total RNAs were prepared by extraction with TRIzol (Invitrogen) reagent and treated with 10 U of DNase I (Invitrogen) for 30 min at 37°C before cDNA synthesis, which was performed by SuperScript reverse transcriptase (RT; Invitrogen) using an oligo(dT) primer. The cDNAs were used directly for real-time PCR amplification as described in reference (16, 17) . Primer sets used for RT-PCR have been described (10, 11, 17) .
For Western blot analysis, cells were lysed in a buffer containing 50 mM Tris-HCl (pH 7.5), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, and 1 mM phenylmethylsulfonyl fluoride, supplemented with protease inhibitor cocktail (Roche). The extracts were then separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and analyzed in Western blots as described previously (16, 35) . Quantitative assessment of Western blot signals was performed with a Fujifilm LAS-1000 luminescent image analyzer.
For luciferase reporter assays, cells in six-well plates were transfected with 0.5 g of promoter-reporter DNA, 0.25 g of cytomegalovirus (CMV) expression vectors, and 0.25 g of pCMV-␤-Gal plasmid by the calcium phosphate coprecipitation method. At 12 h after transfection, the cells were harvested and lysed as described previously (10) . Luciferase activities were measured by using the luciferase assay kit from Promega, and the values were normalized to ␤-galactosidase values. siRNA-mediated knockdown of C/EBP␣. To interfere with endogenous C/EBP␣ expression in HepG2 and HuH7 cells, we used a double-stranded RNA with the following sequences: sense strand, 5Ј-GAA GUC GGU GGA CAA GAA CUU; and antisense strand, 5Ј-GUU CUU GUC CAC CGA CUU CUU. Control small interfering RNA (siRNA) containing scrambled sequence was purchased from Santa Cruz Biotechnology. The cells were transfected with the double-stranded RNA at 100 nM by using the jetSI-ENDO kit (Polyplus) and analyzed 72 h after transfection.
ChIP and chromosome conformation capture (3C) assays. Formaldehyde cross-linking of HepG2 cells and chromatin chromatin immunoprecipitations (ChIPs) were performed as described previously (10, 11, 34) . For real-time PCR analysis of the HNF-4 enhancer and promoter regions, the following primer sets were used: enhancer, 5Ј (Ϫ6756 nt)-GGC TCT GAC ACT GC AGA GTT CTA GAA C and 5Ј (Ϫ6393 nt)-CCA AAC TTA CCC AGC TGC TAA TCA TTG C; promoter, 5Ј (Ϫ444 nt)-TCG AGG CAG CCT TAT CTC TGC AAA AGC and 5Ј (Ϫ97 nt)-TCG AGG GGT GGG GGT AAT GGT TAA TCG G; and control downstream region, 5Ј (ϩ3731 nt)-AAT GCG GGA GGG CCC GGA CAT CTC CAG C and 5Ј (ϩ3963 nt)-CCC ACC ATC CAC GCC CAT CCT CAC CTG G.
3C experiments were performed as described earlier but with minor modifications (38) . Cells were treated with 2% of formaldehyde for 10 min to cross-link chromatin. After quenching with 0.125 M glycine, nuclei were prepared by incubating the cells in a buffer containing 10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 0.2% NP-40, and protease inhibitor cocktail for 1 h at 4°C. The nuclei were harvested by centrifugation and resuspended in restriction enzyme buffer containing 0.3% SDS. After incubation at 37°C for 1 h, Triton X-100 was added to 1.8% final concentration, followed by further incubation for 1 h to sequester the SDS. Aliquots of 10 6 nuclei were digested by 500 U of BglII and 600 U of BclI at 37°C for 18 h. The digestion was continued for an additional 3 h after the addition of fresh enzyme. Under these conditions, the efficiencies of BglII and BclI cleavage at the studied locations were ca. 80 and 50%, respectively. The enzymes were inactivated by the addition of SDS to a final concentration of 1.6% and incubation at 65°C for 15 min. An aliquot of chromatin (containing 2 g of DNA) was then diluted in a buffer containing 50 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , 10 mM dithiothreitol, and 1 mM ATP to a final DNA concentration of 2.5 g/ml and after, the addition of Triton X-100 to 1%, was incubated at 37°C for 1 h. The DNAs were ligated by using 40 U of T4 DNA ligase at 16°C overnight. Cross-links were reversed by incubating the samples at 65°C for 16 h, and the DNA was purified by sequential RNase A and proteinase K treatments, followed by phenol-chloroform extractions and ethanol precipitations. To detect the intramolecular ligation between the cross-linked HNF-4 enhancer and promoter fragments, PCR amplifications (30 cycles) were performed in the presence of 1 Ci of [ 32 P]dATP and [ 32 P]dCTP using the following primer sets: primer A, 5Ј (Ϫ7521 nt)-TTA ACT TCC AGG GTT GTC ATG; and primer B, 5Ј (Ϫ251 nt)-CCA GCA GTT GTA ATT AGC ACC.
Antibodies. Anti-pErk2 and anti-p42 were obtained from Cell Signaling. The antibodies against RNA pol-II, Brg-1, CBP, HNF-1␣, HNF-3␤, HNF-6, C/EBP␣, TBP, TFIIB, and TAF-1 were from Santa Cruz Biotechnology. Acetyl-H3 and acetyl-H4 antibodies were from Upstate Biotechnology. The HNF-4 antibody has been described previously (10) . The specificity of each antibody was verified by immunoprecipitation-Western blot assays using cross-linked extracts.
RESULTS
PMA-mediated MAP kinase activation inhibits HNF-4 expression in HepG2 cells. To study the effect of MAP kinase signaling on HNF-4 expression, HepG2 cells were treated with the protein kinase C (PKC) activator PMA, a potent inducer of the Ras-Raf-MEK-Erk signal transduction pathway (26) . Activation of Erk2 was evaluated by Western blot analysis of the cellular extracts, using a phospho-Erk2 antibody. As shown in Fig. 1A , some phosphorylated Erk2 protein could be detected in untreated extracts, and those levels greatly increased after 3 and 6 h of PMA treatment. Stimulation was transient, as judged by the reduction of the phosphorylated form of the protein in later time points. This reduction was not due to the possible instability of the drug during prolonged culture conditions, since we observed similar results when the PMA-containing medium was replaced every 6 h (data not shown). As expected, when the cells were treated with PD98059, a specific inhibitor of MEK1, the basal phospho-Erk2 signal largely disappeared (Fig. 1A) . In cells cotreated with PMA and PD98059, the PMA-induced increase in the phosphorylated form of Erk2 protein could not be observed, although a faint band similar to that seen in untreated cells remained detectable (Fig. 1A) .
RT-PCR analysis revealed a marked reduction of HNF-4␣ mRNA levels after 6 h of PMA treatment (Fig. 1B) . At later time points of PMA treatment, however, the amount of HNF-4␣ mRNA increased to somewhat higher than the levels of untreated controls. Specific inhibition of the MEK-ERK pathway by PD98059, resulted in a twofold increase in HNF-4␣ mRNA levels, reaching a maximum at 6 h posttreatment, whereas cotreatment of the cells with both PMA and PD98059 abolished changes in either direction (Fig. 1B) . The steadystate levels of HNF-4 protein changed in a similar fashion in PMA-and PD98059-treated cells, except for a shift in the time course of PMA-mediated repression, which was maximal at 12 h posttreatment (Fig. 1C) . The time difference between maximum repression of RNA and protein levels is expected if protein stability is taken into account.
MAP kinase signaling inhibits the activity of the HNF-4 enhancer. In order to investigate the mechanism of the MAP kinase-mediated repressive effect on HNF-4 expression, we first performed transient-transfection assays in HepG2 cells with a construct containing the 12-kb upstream sequence of the HNF-4 gene. PMA treatment reduced reporter activity to 24% of the control, whereas PD98059 stimulated it by a factor of 3.4 ( Fig. 2) . Overexpression of constitutively active Raf kinase (Raf-BXB) or MEK1, two kinases acting downstream of PKC and upstream of Erk2, decreased the activity of the reporter to 28 and 10% of the control, respectively. These results further demonstrate that the downregulation of HNF-4␣ mRNA upon PMA treatment is mediated by the activated PKC-Raf-MEK1-Erk2 pathway, which represses HNF-4␣ expression at the transcriptional level.
To identify the regulatory region of the HNF-4 gene that mediates transcriptional repression by MAP kinases, we tested the influence of treatment with PMA and PD98059 or the overexpression of Raf-BXB and MEK1 on the activity of a series of 5Ј deletion mutants. As shown in Fig. 2 , these treatments affected the activity of the enhancer-containing Ϫ6.7 kb-luc construct in the same direction and approximately to the same extent as that of the full-length (Ϫ12 kb-luc) construct. Deletion mutants lacking the upstream enhancer region but containing the proximal promoter regulatory sequences (Ϫ5.0 kb-luc, Ϫ3.0 kb-luc, Ϫ1.0 kb-luc, and 0.56 kb-luc) were not responsive (Fig. 2) . Furthermore, the activity of a chimeric construct containing the isolated HNF-4 enhancer element (sequences between Ϫ6.7 kb and Ϫ6.1 kb upstream of the transcription start site) was induced 3.7-fold by PD98059 treat- ment and was repressed to 12, 20, and 15% of the control by treatment with PMA or the overexpression of Raf-BXB and MEK1, respectively (Fig. 2) . These results identify the upstream HNF-4 enhancer region as a site of MAP kinase action.
Downregulation of C/EBP␣ upon MAP kinase signaling is involved in the molecular mechanism of HNF-4␣ repression.
Previous studies on the mouse and human HNF-4 enhancer have identified four cis-acting elements as binding sites of HNF-1, C/EBP, nuclear hormone receptors (DR-1), and the HNF-3 family of transcription factors (1, 11) . In order to identify the specific factor(s) involved in the MAP kinase-mediated effect, we tested the activity of individual binding site mutants (Fig. 3A ) in cells treated with PMA or PD98059 and in cells overexpressing Raf-BXB or MEK1. None of the introduced mutations alone eliminated completely the activity of the HNF-4 enhancer-promoter construct, which suggests that at least in transient-transfection assays there is some functional redundancy between the factors binding to the enhancer region. Mutations in the HNF-1, C/EBP, DR-1, and HNF-3 binding sites reduced promoter activity to 50, 32, 88, and 70% of the control, respectively (Fig. 3B ). We note, however, that mutation of the C/EBP binding site resulted in the highest degree of repression, which was not significantly different from the repression level observed with the wild-type construct after PMA treatment. More importantly, we found that the activity of the mutant C/EBP site-containing construct was not affected by PMA and PD98059 treatment or overexpressions of Raf-BXB and MEK1, whereas the activities of the other mutants were affected in a way similar to the wild-type construct (Fig.  3B) . These results suggest that the effect of MAP kinase signaling on HNF-4 expression is mediated through the modulation of the action of C/EBP factors on the HNF-4 enhancer.
The molecular basis of this finding could be either a decrease in C/EBP␣ expression upon the induction of MAP kinases or a modulation of its activity via phosphorylation. The results of our subsequent experiments corroborate the former scenario. First, overexpression of C/EBP␣ transactivated the 6.7 kb-luc reporter five-to sevenfold in either untreated, PMAtreated, or Raf-BXB-or MEK1-transfected cells (Fig. 3C) . This shows that exogenously added C/EBP␣ can reverse the repression caused by PMA treatment or by overexpression of the upstream kinases (Fig. 3C) . As expected, the DNA binding-deficient R289A mutant form of C/EBP␣ (23) could not transactivate the 6.7 kb-luc reporter or reverse MAPK-mediated repression (Fig. 3C) . Second, the mRNA and protein levels of endogenous C/EBP␣ transiently decreased in HepG2 cells treated with PMA ( Fig. 4A and B , panels on the right). The kinetics of the changes observed on C/EBP␣ mRNA and protein levels were in good correlation with those of the phosphorylated Erk2 protein and HNF-4␣ mRNA shown in Fig. 1 . A substantial decrease (to ca. 20% of the control) in CEBP␣ expression was already evident by 3 h posttreatment with PMA, whereas maximal reduction (to ca. 3% of the control) was observed at the 6-h time point. At later time periods (12 to 48 h), when the phosphorylated Erk2 signal disappeared, C/EBP␣ expression gradually returned to the original pretreatment levels (Fig. 4) . When the cells were treated with PD98059, C/EBP␣ mRNA and protein levels increased about 2-and 2.5-fold, respectively (Fig. 4) . In addition, PD98059 could reverse PMA-mediated repression of C/EBP␣ (Fig. 4) .
The increased mRNA and protein levels of both C/EBP␣ and HNF-4␣ in PD98059-treated cells also suggests that their expression in control HepG2 cells is not maximal, probably due to the presence of basal mitogenic signals in the serum-containing growth media. Relevant to this, one would expect that in cells treated simultaneously with both PMA (an inducer) and PD98059 (an inhibitor of Erk2 phosphorylation) the effect of the inhibitor would predominate and, as a result, increased expression of C/EBP␣ and HNF-4␣ would be expected. Instead, we observed expression levels similar to those of untreated cells ( Fig.  1 and 4) . One possible explanation for the observed difference between the effects of PMAϩPD98059 and of PD98059 alone could be that, besides the activation of the MEK1-Erk2 pathway, in PMAϩPD98059-treated cells the PMA may also induce parallel kinase pathways affecting the expression of C/EBP␣ and HNF-4␣. Although this possibility cannot be excluded entirely, we note that a faint, but visible band corresponding to phosphorylated Erk2 was observable in cells exposed simultaneously to the two drugs (Fig. 1A ). This fits with the other results, which showed a positive correlation between the amounts of active MEK1-Erk2 proteins in the cells and the expression of C/EBP␣ and HNF-4␣. We therefore conclude that MEK1-Erk2 activation is the main PMA-induced pathway responsible for the downregulation of C/EBP␣ and HNF-4␣. We also tested the expression of the other two factors (HNF-1␣ and HNF-3␤), which bind to the HNF-4 enhancer. HNF-3␤ mRNA and protein levels remained constant after treatment with either PMA or PD98059. On the other hand, the mRNA and protein levels of HNF-1␣ were somewhat decreased (to ca. 60 to 70% of the control) in PMA-treated cells and increased (ϳ1.4-fold above the control) in PD98059-treated cells (Fig. 4A and B) . We note, however, that at 3 or 
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Erk2-MEDIATED REPRESSION OF C/EBP␣ AND HNF-4␣ 7023 6 h after PMA treatment when phosphorylated Erk2 could be detected and HNF-4␣ mRNA levels decreased to 51 and 18%, respectively ( Fig. 1A and B) , no significant changes could be observed in HNF-1␣ expression ( Fig. 4A and B) . Maximal HNF-1␣ repression was seen at the 12-h time point, when HNF-4␣ protein had already dropped to its lowest levels ( Fig. 1C and 4 ). These kinetics suggest that PMA-mediated repression of HNF-1␣ is a consequence, rather than the cause, of changes in HNF-4␣ expression, which is consistent with the fact that HNF-1␣ is a bona fide target gene of HNF-4␣ (20, 21) . Taken together, these results show that the mechanism of repression of HNF-4␣ involves compromised activity of the HNF-4 enhancer, which can be reversed by ectopic expression of C/EBP␣, the levels of which decrease during MAP kinase signaling. Furthermore, the effects of the MAPK modulators (PMA and PD98059) on C/EBP␣ and HNF-4␣ expression could be reproduced in another human hepatoma cell line (HuH7), suggesting that the observations are not due to potential peculiarities specifically related to HepG2 cells. In HuH7 cells both drugs induced changes in C/EBP␣ and HNF-4␣ mRNA levels in a similar direction and with similar kinetics as were observed in HepG2 cells (Fig. 5A ).
RNA interference (RNAi)-mediated depletion of C/EBP␣in HepG2 and HuH7 cells results in decreased expression of HNF-4␣.
To further assess the direct role of C/EBP␣ on HNF-4␣ expression, we used RNAi-mediated approach. Transfection of HepG2 and HuH7 cells by a C/EBP␣-specific dsRNA resulted in a decrease of C/EBP␣ mRNA levels corresponding to 16 and 23% of the endogenous levels, respectively (Fig. 5B) , and to barely detectable endogenous C/EBP␣ protein levels (Fig.  5C ). In both cell lines a parallel decrease of HNF-4␣ mRNA and protein levels was observed (Fig. 5B and C) . These results confirm the essential role of C/EBP␣ on HNF-4␣ expression.
MAP kinase signaling disrupts the HNF-4 enhancer-promoter complex. In order to investigate the potential MAP kinase-induced changes in factor occupancy and in the configuration of the HNF-4 regulatory region in vivo, we performed ChIP assays. Untreated and PMA-treated HepG2 cells were cross-linked with formaldehyde and, after sonication, the soluble chromatin was immunoprecipitated with various antibodies against factors binding to the enhancer or the promoter. The purified DNA from the immunoprecipitates was used for PCR analysis with primer sets amplifying the proximal promoter and the distal enhancer region of the HNF-4 gene. In control, untreated HepG2 cells, the DNA immunoprecipitated by antibodies against factors which specifically bind to the enhancer (C/EBP␣ and HNF-3␤) or the proximal promoter (HNF-6, RNA pol-II, TFIIB, TBP, and TAF-1) contained sequences encompassing both the enhancer and the promoter region ( Fig. 6 and 7) . The simultaneous presence of the two DNA fragments in the immunoprecipitates of this variety of factors demonstrates that, in HepG2 cells, the enhancer and promoter regions are in close proximity and form a higherorder complex by looping out the intervening DNA. In cells treated with PMA for 6 h, when HNF-4␣ expression was repressed, we did not observe association of HNF-3␤, C/EBP␣, RNA pol-II, CBP, Brg-1, and TFIIB with either regulatory region. However, ChIP signals significantly above background levels were detected in HNF-1␣, HNF-6, TBP, and TAF-1 immunoprecipitates on the proximal promoter but not on the distant enhancer ( Fig. 6 and 7) . Since HNF-1␣ has binding sites at both regions, whereas HNF-6, TBP, and TAF-1 are recruited to the proximal promoter, these results are indicative of a linear conformation of the HNF-4 regulatory region during MAP kinase-induced repression conditions. The unaffected associations of HNF-1␣, HNF-6, and the components of TFIID with the promoter are of special interest, since they may be part of a mechanism that keeps the locus in an open state during repression. In line with this scenario is the finding that histone 3 and 4 acetylation levels were not significantly changed in PMA-treated cells (Fig. 6) . In experiments where HepG2 cells were treated with PMA for 24 h, at which time the HNF-4␣ expression is restored, the ChIP signals obtained with all of the antibodies were similar to those detected in untreated control cells (Fig. 6 and 7) . The transient changes in the three-dimensional configurations of the HNF-4 regulatory region during MAP kinase signaling was also confirmed by an independent experimental approach. We performed 3C experiments (38) to study the association of the HNF-4 enhancer and promoter in PMA-treated and C/EBP siRNA-transfected cells. In this assay cross-linked nuclei are subjected to restriction enzyme cleavage, followed by ligation at a low DNA concentration to favor intramolecular ligations over random ligations of DNA fragments. The amount of intramolecular ligation product is proportional to the frequency with which two distant genomic loci are in spatial proximity and can be detected by PCR amplification with appropriate primer sets (38) . Applying this approach in BclI-and BglII-digested cross-linked HepG2 nuclei, a positive PCR signal with primers A and B should be detected only if the HNF-4 enhancer and proximal promoter are physically associated (Fig. 8A) . We could detect the expected 260-bp PCR product in HepG2 cells, where HNF-4␣ is expressed, but not in the nonexpressing HeLa cell line (Fig. 8B) . This signal was strictly dependent on cross-linking and DNA ligation, confirming the specificity of the approach. Importantly, the PCR product was also detectable in cells treated with PMA for 24 h, when HNF-4␣ is reexpressed, but not in cells treated with PMA for 6 h or in cells transfected with C/EBP␣ siRNA, where HNF-4␣ expression is downregulated (Fig. 8B) . These observations are in good correlation with the conclusions drawn from the Taken together, the data suggest that during MAP kinase activation the HNF-4 enhancer-promoter complex is disrupted. Upon the seizure of the signal, C/EBP␣ is reexpressed, and the communication between the enhancer and the promoter is restored with parallel activation of the transcription of the HNF-4␣ gene.
DISCUSSION
HNF-4␣ is a member of the nuclear receptor superfamily and regulates the transcription of a wide range of genes involved in different metabolic pathways, hepatocyte differentiation, and liver organogenesis. Previous studies employing genome-wide location analysis have identified a surprisingly large number of gene regulatory regions occupied by HNF-4␣ in human livers. Recruitment of HNF-4␣ was observed in ca. 12% of the genes represented in a human 13K array, which is about 5 to 10 times higher than those identified for any other transcription factor thus far (24) . Although the role of HNF-4 in the regulation of the identified genes still needs to be validated by expression and genetic analysis, the huge number of its potential targets represents convincing evidence for the role of HNF-4 in the regulation of diverse biological pathways. Combined with the severe phenotypes observed in liver-specific HNF-4 KO models (12, 25) , these findings indicate that any changes in the activity and/or the expression of HNF-4 will have important consequences in the pattern of expression of hepatic genes.
HNF-4␣ expression is modulated by MAP kinase signaling. Although HNF-4␣ is a highly expressed, constitutively active gene in human hepatocytes, previous studies have provided some indications that its expression could be modulated by extracellular signals. For example, we have shown that in HepG2 cells, retinoic acid signaling can potentiate HNF-4␣ transcription, which is mediated by the action of liganded RXR␣/RAR␣ on a bona fide hormone response element located at the proximal promoter of the HNF-4 gene (10). More recently, it was found that bile acids could suppress HNF-4␣ expression via an unknown molecular mechanism (27) . Because bile acids can induce various signaling pathways, including PKC activation (5), we sought to determine whether the PKC-MAP kinase cascade can directly modulate HNF-4 expression. We found that treatment of HepG2 cells with PMA, a potent inducer of PKC, dramatically decreased endogenous HNF-4␣ mRNA levels. Several lines of evidence presented here suggest that the observed effect is mediated by the activation of the downstream Raf-MEK1-Erk2 signal transduction pathway. First, the levels of HNF-4␣ mRNA decreased only at the time periods when activated Erk2 was observed. Second, treatment of the cells with PD98059, a specific inhibitor of MEK1, increased the amounts of HNF-4␣ mRNA and counteracted PMA-dependent repression. Third, overexpression of a constitutively active Raf kinase mutant, or MEK1, inhibited the activity of a luciferase reporter driven by the upstream HNF-4 regulatory region in transient-transfection assays. These latter experiments also suggested that MAP kinase signaling downregulates HNF-4 expression at the transcriptional level. In vivo support for this notion was provided by ChIP experiments, which showed the dissociation of RNA pol-II from the HNF-4 promoter and the disassembly of the enhancer-promoter complex at the HNF-4 regulatory region in PMAtreated cells.
Our results also show that impaired HNF-4 enhancer activity emanating from MAP kinase-induced downregulation of C/EBP␣ constitutes the molecular basis of the observed effects. In support of this we found that C/EBP␣ mRNA and protein levels were dramatically reduced at time periods when phosphorylated Erk2 was detected. In addition, PD98059 treatment increased C/EBP␣ expression and counteracted PMA-dependent downregulation. Importantly, these changes followed a kinetic pattern similar to that observed for HNF-4␣ mRNA. Finally, overexpression of C/EBP␣ could restore the transcriptional activity of the HNF-4 upstream regulatory region in PMA-treated cells, and RNAi-mediated knockdown of C/EBP␣ resulted in a decrease in endogenous HNF-4␣ expression.
Signaling through the Raf-MEK1-Erk2 pathway has been implicated in various cellular processes, including proliferation, differentiation, senescence, and apoptosis (15, 26) . C/EBP␣ is a strong inhibitor of cell proliferation, which uses multiple pathways to cause growth arrest (14, 32, 36, 37, 42) . Although the molecular mechanism by which PMA treatment inhibited C/EBP␣ was not a subject of the present study, a potential link between MAP kinase-induced cell proliferation and inhibition of C/EBP␣ expression could be considered. Logarithmically growing HepG2 and HuH7 cells, however, express high levels of C/EBP␣, suggesting that in this cell line its antiproliferative activity is suppressed. In agreement with this are the recent findings showing that phosphorylation of C/EBP␣ at serine 193 is required for its growth-inhibitory activity and that this modification is erased by protein phosphatase 2A in proliferating liver cells and a variety of hepatoma cell lines (40, 41) . The dephosphorylated form of C/EBP␣ was actually found to accelerate proliferation (41) . Furthermore, we have not seen differences in PMA-mediated inhibition of either C/EBP␣ or HNF-4␣ expression between experiments in which the cells were treated with PMA at the stage of logarithmic growth or confluence (data not shown). Therefore, MAP kinase induced proliferation as a mechanism of C/EBP␣ repression in PMAtreated HepG2 cells is unlikely. C/EBP␣ has been shown to be a direct substrate of Erk2, which can phosphorylate it at serine 21 in myeloid cells (29) . Phosphorylation at Ser21 blocks the ability of C/EBP␣ to induce granulopoiesis of bipotential myeloid progenitor cells but does not affect monocyte differentiation or adipogenesis (29) . Ser21 phosphorylation was observed at very early (15 to 30 min) times after PMA induction (29) . In HepG2 cells, however, we could not detect this modification by Western blotting experiments with a phospho-Ser21-specific C/EBP␣ antibody, even after very short time treatments with PMA (data not shown). Although we cannot entirely exclude the possibility that Ser-21 phosphorylation of C/EBP␣ may occur in hepatic cells soon after stimulation, our results showing C/EBP␣ mRNA and protein levels dropping dramatically 3 and 6 h after PMA treatment provide a clear demonstration that the mechanism of HNF-4 repression involves the loss of C/EBP␣ rather than modulation of its activity via posttranslational modification. Nevertheless, the findings raise the intriguing possibility that C/EBP␣ expression and activity could be modulated by cell- FIG. 9 . Schematic model depicting the molecular events involved in the transitions between looped and linear configurations adopted by the HNF-4 upstream regulatory region in response to MAP kinase activation.
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Erk2-MEDIATED REPRESSION OF C/EBP␣ AND HNF-4␣ 7027 specific regulatory mechanisms, which have different sensitivities to MAP kinase signaling. Consistent with this notion are the studies in other systems demonstrating that activation of the MEK1-Erk2 pathway during the initial phase of adipocyte differentiation enhances C/EBP␣ expression (28) . Disruption of the HNF-4 enhancer-promoter complex during MAP kinase signaling. We have shown previously that, during the initial activation of the HNF-4 gene in differentiating enterocytes, orderly assembled regulatory complexes at the proximal promoter and at the distant enhancer region associate with each other to form a higher-order complex by looping out the intervening DNA (11) . The formation of the enhancerpromoter complex triggered a critical nucleosome remodeling event at the transcription start site that allowed the escape of RNA pol-II from the promoter (11) .
Here, we used the same ChIP-based approach to study the HNF-4 enhancer-promoter complex in HepG2 cells, which constitutively express the gene. The immunoprecipitated chromatin obtained by antibodies recognizing several factors specifically associated with the enhancer (C/EBP␣ and HNF-3␤), or the proximal promoter (HNF-6, RNA pol-II, TFIIB, TBP, and TAF-1), contained both enhancer and promoter sequences. The efficient cross-linking of the HNF-4 enhancer and promoter suggests that in HepG2 cells the two regions are in close proximity, bridged by the factors associated with them. MAP kinase activation disrupted this interaction, and the HNF-4 regulatory region attained a linear conformation. The enhancer-promoter complex was reformed at time points when phosphorylated Erk2 disappeared and transcription of the HNF-4 gene resumed. This change in the three-dimensional configuration of the HNF-4 regulatory region was further confirmed by 3C assays. Association between the HNF-4 enhancer and proximal promoter could be readily detected in untreated HepG2 cells but not in cells where C/EBP␣ was downregulated either via RNAi knockdown or MAP kinase activation. A schematic overview of the results is presented in Fig. 9 .
Because HepG2 cells continuously transcribe the HNF-4 gene, these findings provide strong evidence for the concept that stable association of the enhancer and promoter region is not only required for the initial activation of the gene, as one could envisage by a hypothetical hit-and-run mechanism, but is also essential for subsequent, multiple rounds of reinitiation events. If long-distance communication is impaired, as is the case during MAP kinase activation, HNF-4 transcription is shut down. Our findings that C/EBP␣, one of the factors recruited to the HNF-4 enhancer, is depleted in MAP kinaseactivated cells, together with those showing that ectopically expressed C/EBP␣ can reverse HNF-4␣ repression, points to the pivotal role of C/EBP␣ in the stability and formation of the higher-order enhancer-promoter complex. Although the exact interaction partner(s) of the enhancer-bound C/EBP␣ at the HNF-4 proximal promoter is not known, we speculate that HNF-6 could be a good candidate. C/EBP␣ has been shown to physically interact with HNF-6 and that this association is necessary for CBP recruitment to the HNF-3␤ promoter (44) . Alternatively, C/EBP␣ may be necessary to hold together the components constituting the HNF-4 enhancer complex (HNF-1, HNF-3␤, CBP, and Brg1), which is indicated by the dissociation of all of these factors from the enhancer region during MAP kinase activation. "Molecular bookmarks" decorate the HNF-4 regulatory region during the repressed state. MAP kinase activation resulted in the dissociation of RNA pol-II, TFIIB, CBP, Brg-1, and HNF-3␤ from the HNF-4 regulatory regions. Interestingly, however, HNF-6, HNF-1␣, and components of the TFIID complex remained associated with the proximal promoter during the repressed state. As a result of this, the HNF-4 regulatory region adopts a linear configuration in which the enhancer is cleared but the proximal promoter remains occupied by transcription factors (Fig. 9) . Furthermore, the extent of acetylation of the surrounding nucleosomes did not decrease upon repression. We have shown previously that histone acetylation marks at the promoters and the coding regions of several hepatic genes, including the HNF-4 gene, remain stable during mitotic and ␣-amanitin-mediated transcriptional inactivation (17) . It was proposed that, together with other modifications, acetylation marks may provide means for the cells to "remember" the locations of the genome where transcription should resume after the cells exit mitosis, thus contributing to the faithful maintenance of cell-specific gene expression patterns (17) . The stably associated factors and histone acetylation marks at the HNF-4 regulatory region during MAP kinase repression may have a similar "bookmarking" function. They could prevent the permanent silencing of the locus and provide an open state of the local chromatin, competent for rapid reassembly of the RNA pol-II machinery, once the repressive signal declines.
